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SUMMARY 

This  report  describes  the  method  cf  flux  growth  of  non-linear  optical  single  crystals  and  the 
techniques  required  to  determine  the  flux  choice.  This  is  illustrated  by  the  crystal  growth  of 
beta  barium  borate.  These  techniques  are  applicable  to  other  optical  materials 
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1.  INTRODUCTION 

The  purpose  of  this  report  is  to  descnbe  high  temperature  solution  crystal  growth  technic|ues  a'  applied 
to  laser  and  non-linear  optical  materials.  Many  crystals  used  in  laser  applications  and  non-linear  opll^^ 
are  commonly  grown  by  the  Czochralski  technique  ( 1 1.  With  this  technique  large  crystals  are  pulled 
directly  from  a  congruent  melt.  These  melts  have  the  same  composition  as  the  growing  crystal  and  thu' 
the  crystallisation  temperature  remains  constant.  However  some  crystals  cannot  be  grown  from 
congruent  melts  and  it  is  necessary  to  use  a  solvent  (called  a  flux)  to  grow  these  materials  In  these 
Situations  the  liquid  comprising  the  flux  (or  solvent)  and  the  composition  from  which  the  crvstal  will 
form  is  best  referred  to  as  a  solution  rather  than  a  melt  The  solvent  is  a  compound  which  is  a  liquid  ut 
the  temperatures  used)  that  dissolves  the  crystal  to  be  grown  Fluxes  are  selected  so  that  the\  do  noi 
contaminate  the  growing  crystal.  Considerable  work  is  required  to  determine  the  most  favourable  tlav 
The  crystal  growth  technique  used  is  Top  Seeded  Solution  Growih  (TSSG).  or  a  similar  ie..hnique  called 
High  Temperature  Solution  growth  (HTS)  12] 

In  this  report,  the  flux  growth  of  single  crystals  will  be  descnbed.  followed  b\  a  discussion  on  the  crvsul 
growth  technique  The  growth  of  beta-banum  borate,  flux  selection,  and  phase  diacram  deiemiinaiion  tor 
this  system  will  be  described  as  an  example  of  the  technique 


2.  FLUX  GROWTH 

In  order  to  grow  a  crystal,  the  physical  and  chemical  properties  ot  the  crvstal  and  melt  must  be 
considered  Melt  solutions  compose  the  chemical  composition  of  the  crvstal  to  be  grown  with  the 
addition  of  a  flux  which  effectivelv  dissolves  the  crystal  at  high  temperatures  L.owenng  the  temperature 
enables  the  crystal  to  nucleate  in  the  solution,  and  then  grow  larger  as  the  rempcrjture  decreases  In  the 
fluv  growih  techniques  iTSSG  and  HTS)  an  attempt  is  made  to  control  this  process  to  pnxluce  high 
quality  crystals  The  vanables  under  some  control  are. 

1  The  (lux  composition  which  affect'  (he  liqiiidu'  temperature,  viscosity  growth  range  and 
crvstal  yield 

2  1  he  coviling  rate  which  determines  ihe  growih  rale  which  has  a  large  beanng  vm  the  crystal 
qu.ility 

hen  growing  a  crystal  from  a  melt  many  difterent  Iluxes  can  be  investigated  1  ach  (lux  has  dittereni 
ranges  ot  compositions  and  temperature  iwer  which  growih  is  possible,  and  tor  which  dittereni  growth 
morphology  and  melt  charactensiics  occur  for  growing  a  particular  crystal  Thus  for  each  (lux.  a  phase 
Jij^Tjrn  Is  required  which  is  a  representation  ot  all  the  possible  phases  of  the  sompounds  prv'diued  \ 
number  of  situations  in  which  ii  is  necessary  to  use  tluv  growih  will  be  described  This  will  be  tv'llowed 
bv  a  consideration  ot  aspect'  ot  tlux  selection  and  a  discussion  on  Difterential  I  hermal  .-Xnaly  sis  i  ()  I  \  i 


I  NCl.ASSim  1) 


I 


SRL-0116-RN 


UNCLASSIRED 


2.1  High  Temperature  Phase 

This  situation  is  one  in  which  the  required  matenal  melts  congruently.  but  at  temperatures  too  high  to  be 
produced  by  the  available  furnace,  or  too  high  for  the  existence  of  a  suitable  crucible  to  contain  the  melt 
Addition  of  a  flux  allows  the  required  crystal  to  grow  at  a  lower  liquidus  temperature  because  the  melting 
point  of  the  mixture  is  lower  than  that  of  the  pure  compound.  This  situation  is  represented  by  an  ideal 
phase  diagram  using  a  simple  eutectic  system  as  an  example  (Figure  1 ).  Crystals  of  A  can  be  grown  if  the 
maximum  temperature  Ta  can  be  obtained.  If  a  lower  growth  temperature  is  required  the  addition  of 
material  B  can  make  a  mixture  with  a  lower  melting  point.  In  this  siniation  matenal  B  can  be  cooMdered 
to  be  a  flux.  For  example,  at  composition  X  the  liquidus  temperature  is  Tx  where  it  is  well  below  the 
melting  point  of  phase  A.  .As  the  solution  is  cooled,  crystal  phase  A  grows  at  the  expense  of  the  liquid 
phase,  in  which  A  becomes  diluted  with  respect  to  B  As  the  liquid  reaches  the  eutectic  temperature  le 
the  remaining  liquid  solidifies  to  produce  a  eutectic  mixture  of  A  and  B  The  cry  stal  growth  must  be 
halted  before  Te  is  reached  in  order  to  remove  the  crystal  before  the  remaining  liquid  completely 
solidifies  A  charactenstic  of  TSSG  or  HTS  is  that  the  crystallisation  temperature  vanes  as  the  crystal  is 
grown  Similarly  if  cry  stals  of  B  were  required  and  temperature  Tb  was  too  high.  .A  could  be  used  as  a 
flux 


A  X  H  H 

Composition 

Figure  I.  Ideal  phase  diagram  of  a  simple  eutectic  system. 

2.2  Phase  Change 

I'he  second  situation  is  that  of  a  low  temperature  solid  phase  crystal  structure  (Bi  which  translorms  to  the 
high  temperature  solid  phase  (<ti  at  temperature  T\  as  shown  in  Figure  2  To  enable  the  crystal  growth  ot 
the  low  temperature  phase,  a  flux  i matenal  Bi  can  be  used  to  reduce  the  liquidus  temperature  as  the 
mixture  has  a  lower  melting  point  This  situation  is  similar  to  that  of  the  high  temperature  growth 
discussed  above,  however  in  this  case  the  flux  is  used  to  lower  the  liquidus  temperature  below  the  phase 
transition  temperature  I’lvi  The  low  temperature  phase  (15)  may  be  grown  from  liquid  ranging  in 
composition  between  X  and  F  At  compositions  between  .A  and  X.  the  high  temperature  phase  itn 
crystallises  while  between  F  and  B.  compound  B  would  crystallise 


I  N(  1  ASSIFIF.n 


(.  NCLASSIRED 


SRL-OI  16-RN 


Axe  b 

CompoMUon 

Figure  2.  Idealised  phase  diagram  showing  the  part  of  the  liquidus  (dashed  arrow  >  over  which  the 

low  temperature  phase  (III  may  be  grown. 

2.3  Incongruent  Melting 

The  third  case  one  in  which  the  matenal  of  interest  melts  incongruenily  The  crystaJline  phase 
decomposes  above  the  pentectic  temperature,  Tp.  to  form  a  second  crvsiaJline  phase  and  a  liquid 
(EiL'ure  })  .Addition  of  flux  B  enables  a  crystal  of  phase  C  to  grow  below  the  pentectic  temperature  Tp 
Again  the  crystal  can  be  grown  to  just  above  the  eutectic  temperature,  Te 


A  (■  E  B 


(  omposition 

Figure  3.  Idealised  phase  diagram  showing  the  liquidus  between  the  peritectic  iTpi  and  eutectic 
(Tel  temperatures  over  which  phase  C  may  be  grown  (dashed  arrowsi. 
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2.4  Flux  selection 

Selection  of  a  tlux  is  difficult  due  to  a  variety  of  powible  flux  compositions,  and  the  limited  data  on 
phase  equilibria  at  high  temperatures  In  some  situations  ihe  flux  consist.s  of  a  number  of  coinponenis. 
and  phase  relationships  are  generally  not  known  A  flux  needs  to  be  a  good  solvent  for  the  maienal  ot 
interest,  and  tnal  and  error  is  often  used  with  many  flux  compositions  in  finally  selecting  a  suitable  flux 
Existing  phase  diagrams  are  used  as  a  guide  in  the  choice  of  fluxes  to  be  tested  From  these  inaK  a  phase 
diagram  can  be  determined  or  its  general  properties  estimated  If  a  phase  diagram  exists,  the  crystal  yield 
can  be  calculated  and  values  of  crystal  yields  compared;  the  best  flux  will  hopefully  give  the  largest 
crystal  yield  Further  problems  arise  if  the  flux  has  a  low  viscosity  This  results  in  melts  hecoming 
inhomogenous.  especially  next  to  the  grow  ing  surface  of  the  cry  stal  To  replenish  nutnents  at  this  surface 
It  may  be  necessary  to  have  a  mixing  process  in  addition  to  diffusion  of  ions  This  may  be  accomplished 
by  causing  convection  currents  within  a  high  thermal  gradient  or  using  some  form  of  mechanical 
agitanon  Commonly  the  crystal  is  rotated  dunng  growth  in  order  to  establish  uniform  growth,  but  if  the 
liquid  is  too  viscous  seeds  may  have  a  tendency  to  break  off  It  is  also  advantageous  to  use  a  flux  which 
IS  non-volatile.  to  avoid  evaporation  and  composition  change  when  using  an  open  crucible  F  urther  the 
vapour  could  be  hazardous  or  cause  deterioration  in  the  adjacent  equipment 

General  guidelines  may  be  used  to  aid  flux  selection,  and  some  of  these  are  discussed  below 

1  .A  preferred  flux  may  be  selected  to  have  an  ion  in  common  with  the  composition  of  the  crystal  This 
procedure  reduces  the  possibility  of  lattice  subsinuiion  of  stable  compounds 

;  It  a  flux  has  ions  that  are  not  in  common  with  the  crystal,  then  these  ions  may  produce  unwanted 
substitutional  or  intersntial  impurities  In  these  cases  the  flux  ions  and  crystal  ions  generally  need  to 
have  a  greatly  different  sizes,  different  valence  states  or  different  preferred  coordination  numbers,  in 
order  to  prevent  lattice  substitution  of  impunties 

I  he  flux  should  have  a  low  melting  point  and  be  a  gtHxl  solvent 

4  The  flux  needs  to  have  a  low  viscosity  and  have  low  volatility 

In  genetal  a  flux  often  is  a  eutectic  composition,  particularly  in  a  multi-component  solution,  which  tornis 
.1  si.ible  solid  phase  The  eutectic  composuuin  also  torms  with  a  low  melting  point  which  may  assist  in 
the  solubility  of  the  crystal  phase 

2.5  DifTerential  Thermal  .Analysis 

In  practice  m.iny  fluxes  need  to  be  investigated  to  find  suitable  ranges  of  temperature  and  compi'sinon  in 
growing  crystals  of  specified  compositions  phase  diagram  indicates  a  continuous  range  ot  crystal 
compositions  and  corresponding  temperatures  at  which  these  compositions  are  produced  One  method  o| 
determining  a  phase  diagram  is  by  using  Differential  Thermal  Analysis  iDTAi  I.T41  coupled  with  x-r.iv 
.malysis  In  DT  A  two  thermocouples  are  used  to  measure  Ihe  temperature  ditterence  between  a  s.imple 
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and  a  reference  while  the  temperature  is  being  scanned  Reactions  and  piiase  changes  in  the  sample  san 
be  determined  by  monitonng  this  temperature  difference  X-ray  diffraction  is  used  to  determine  the 
crystalline  phases  and  relative  amounts  of  constituents  that  result  after  the  reactions  The  DTA  technique 
IS  fast  and  accurate  in  determining  the  temperatures  of  exothermic  and  endothermic  reactions  of  the 
crystal  and  flux  mixtures,  thus  allowing  rapid  and  accurate  determination  of  the  temperature  at  which  a 
pha.se  change  occurs  The  main  equipment  consists  of  a  small  furnace,  and  two  crucible  supports  whi^h 
contain  thermocouples  (Figure  4)  Heanng  elements  produce  a  uniform  temperature  /one  hy  being 
arranged  cylindncally  around  the  crucibles  wihich  are  close  together. 

DT.A  involves  measunng  the  difference  in  temperature  between  a  small  sample  of  the  matenal  ot  miercNt 
and  a  reference  matenal  in  a  uniform  temperature  zone  while  heat  is  being  added  at  a  constant  r.ite  so 
that  the  temperature  is  vaned  systemancally  Sample  size  is  optimised  to  maintain  a  uniform  lemperaiuic 
maximise  the  temperature  response  at  a  phase  change  and  maintain  a  homogeneous  mixture  Heatinc 
causes  an  increase  or  decrease  in  the  temperature  of  the  sample,  when  respectoeK  an  exi'thcrmiv  'i 
endothermic  reaction  occurs  The  heating  rale  is  generally  quite  high  i  -  ‘'O  ('min'  to  maxitni'C  an- 
Ihetmal  difference  that  results  Each  sample  is  sintered  (le  formed  at  a  temperature  bel  'w  is  ineltinc 
pointi  and  \-rayed  to  confirm  that  the  sample  is  a  stable  known  composition  and  .1  'incle  pha'C  I  he 
reference  matenal  is  generally  inert,  but  in  some  cases  may  have  a  phase  change  at  .1  kn'ovn  lemivet.itioe 
which  Is  Used  in  accurate  temperature  calibration  .Miematively  stand.ird'  su-h  as  pure  cold  or  silver  .ire 
Used  in  the  sample  crucible  Nk  ith  the  combination  of  data  trom  v-rav  an.ilvsis  .md  the  measuremei't  i 
temp>eratures  at  which  the  reactions  occur,  a  phase  diagram  mav  be  dr.iwri  or  interred  I’lohlems  were 
identified  with  the  DTA  equipment  and  these  are  discussed  m  Appendix  Thi 

figure  '  Is  an  example  of  a  phase  diagram  which  illustrates  the  01  A  technique  figure  n  iliustr.ites  the 
temperature  changes  which  occur  at  specified  temperatures  and  comps'siih'ns  induated  in  figure  ' 
w  hk  h  Is  the  phase  diagram  of  banum  borate  1  BaBsOa  or  BBOi  and  sixlium  hanum  borate  N.i  sB.iB  s( 
or  NBBOi  Samples  \1.  X2  and  X.'  represent  comiHisiiions  ot  possible  vombm.itions  ot  BBt)  and 
NBK()  A  ihemial  anaJvsis  experiment  tor  sample  \l  would  indicate  exothermis  'or  end'iiheniik  ' 
reactions  at  the  eutectic  temperature  tiei  where  the  sample  begins  to  melt,  .it  the  (<  -  d  ir.uisinon 
temperature  ifti  when  the  phase  transition  occurs  and  at  the  liquidus-solidus  temjx'rature  ipoini  (  1 
■when  the  sample  completely  melts  The  analysis  lor  sample  \2  has  two  reaction  peaks,  mdic.iting  .1 
liqiiidiis-solidus  temperature  tf  i  and  the  same  eutectic  temperature  1  lei  Only  a  single  l.irge  peak  would 
be  observed  tor  sample  X.’  at  the  eutectic  temperature  The  size  ot  the  exothemiic  lor  endoihemiK  1 
reastion  peaks  is  an  indication  ot  the  relative  amounts  ot  a  particular  phase  or  the  energetics  ot  the 
tr.insition  I  hus  the  euteetic  transition  would  have  the  largest  peak  tor  sample  .\ 2  as  this  is  the  eutecik 
;.i>mposiiion  ,ind  progressivelv  reduce  in  size  and  disappear  at  the  end  membcT  ipure  BBt'  01  NBBt)' 
I  he  <1  ■  3  transition  will  only  be  observed  it  the  liquidus  temperature  is  greater  than  1 1 
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Figure  4.  DifTerential  Thermal  Analysis  F  urnace. 
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Figure  5.  Phase  diagram  of  BaBsOj  -  NasBaBiO?. 
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In  Nummary,  temperature  differences  between  the  sample  and  reference  matenal  would  be  obNersed  at 
the  eutectic  temperature  Te  for  each  composition  (points  A.  D  and  Ei  and  at  the  solidus  and  liquidus 
temperatures  (points  C  and  F  for  compositions  XI  and  X2  respectively  i  Funher.  a  small  temperature 
difference  may  occur  at  the  a  -  P  transition  temperature  Tt  (point  Bi  for  sample  .XI 
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Figure  6.  Graphical  representation  of  data  from  DTA. 

An  example  of  the  data  obtained  is  given  in  Figure  7  which  is  a  sample  from  the  BBO  -  NBBO  phase 
diagram  at  a  composition  of  24<'r  NBBO.  that  is  around  the  a  -  p  transition  at  the  liquidus  Della 
temperature  is  the  temperature  difference  between  the  reference  and  sample  as  a  function  of  the 
reference  temperature  The  curse  shows  the  eutectic  temperature  and  a  broad  change  of  sli  pe  at  the 
liquidus  The  a  -  P  transition  mas  not  be  obsersed  since  its  associated  temperature  change  occurs  oser  a 
comparatisels  small  range  of  temperature  which  overlaps  with  the  melting  point  The  rather  broad 
change  of  slope  in  Figure  7  indicates  that  the  liquidus  and  n-ansition  are  probable  occurring  together  This 
could  occur  if  the  sample  composition,  nominally  24%  NBBO.  was  such  that  the  phase  transition  and  the 
liquidus-solidus  transition  occurred  at  temperatures  which  were  very  close  to  each  other  .Mtemaiisely 
the  phase  diagram  maybe  slightly  incorrect 
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Figure  7.  BBO  -  NBBO  DTA  data. 
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3.  TOP  SEEDED  SOLUTION  GROWTH 

Top  seeded  solution  growth  (TSSG)  is  a  general  name  for  growing  a  crv  stal  from  a  seed  w  hich  has  been 
lowered  into  a  molten  solution  containing  the  crystal  material.  In  general  there  is  a  very  small  thermal 
gradient  normal  to  the  melt  surface,  but  crystal  growth  occurs  virtually  at  thermal  equilibrium  with  the 
melt  Growth  on  the  seed  crystal  is  achieved  by  slowly  cooling  the  melt,  in  which  case  the  crystallisation 
temperature  vanes  with  time. 

3.1  TSSG  Furnace 

The  TSSG  furnace  is  approximately  cyiindncal  in  shape,  and  has  resistive  healed  silicon  carbide  rcxl 
elements  parallel  to  its  axis  (Figure  8).  It  is  designed  to  have  a  uniform  radial  temperature  profile  The 
silicon  carbide  elements  have  an  operating  temperature  to  l.‘'(M)  C  and  are  arranged  to  be  equidistant 
from  the  furnace  axis  Concenmc  with  the  elements  is  an  alumina  pedestal  on  which  the  crucible  i' 
placed.  Crucibles  are  usually  made  of  thin-wailed  platinum  or  platinum/rhodium  with  a  size  range  up  to 
50mm  diameter  and  70  nun  deep  A  vertical  temperature  gradient  ensures  that  the  meh  surface  is  slightly 
cooler  than  the  melt  intenor  The  temperature  gradient  is  also  used  to  promote  convective  siimng  wuhin 
the  melt  as  the  bottom  of  the  crucible  is  generally  honer  and  hot  liquid  will  nse  When  it  reaches  the  lop. 
the  liquid  cools,  then  sinks  to  the  bottom  The  resulting  circulanng  stimng  pattern  homogenises  the  meli 
If  the  surface  of  the  melt  is  slightly  cooler  than  the  intenor.  nucleation  and  growth  will  occur  at  this 
surface  The  circular  heating  elements  and  a  hole  in  the  top  of  the  furnace  are  used  to  form  the  venical 
temperature  gradient  The  hole  size  could  be  changed  to  vary  this  with  a  small  hole  resulting  in  an 
isothermal  environment  with  very  little  stimng  A  cooler  spot  to  initiate  growth  is  then  achieved  by  using 
an  air  cooled  seed  rod  to  reduce  the  temperature  of  the  seed  crystal  The  crucible  is  viewed  through  the 
hole  in  the  top  of  the  furnace  in  conjunction  with  a  light  source  A  computerised  lili  and  rotation  seed  rod 
is  also  placed  through  the  hole  Temperature  control  of  the  crucible  and  the  elements  is  continuously 
monitored  by  a  computer  which  also  controls  the  rate  of  cooling  when  growing  a  crystal 


Fifture  8.  Schematic  diaitram  of  crystal  icrowth  furnace. 
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3.2  Crystal  Growth 

To  initiate  growth,  the  liquidus  temperature  of  the  melt  must  first  be  determined  as  this  is  the  starting 
temperature  for  growth.  As  the  melt  is  close  to  iso-thermal  and  there  is  minimal  seed  cooling,  the  correct 
liquidus  temperature  is  required  otherwise  the  seed  will  rapidly  melt  if  the  temperature  is  too  high  or 
there  would  be  rapid  growth  if  the  temperature  is  too  low.  Rapid  growth  which  should  be  avoided 
generally  leads  to  poor  crystal  quality  because  of  ''oid  formation  and  flux  trapping  The  occurrence  of 
liquidus  is  determined  by  dropping  a  small  piece  of  crystal  into  the  solution.  The  solution  is  allowed  lo 
reach  equilibrium  over  24  hours,  while  the  fragment  is  monitored  for  growth  If  the  tragmeni  does  not 
change  size  the  small  piece  of  crystal  is  in  equilibrium  with  the  melt  and  the  liquidus  has  been  found  7  he 
temperature  is  then  increa.sed  slightly,  typically  1  -  2  ^C.  to  melt  the  small  fragment,  and  the  melt  allowed 
to  stabilise  at  this  temperature 

Next  a  seed  crystal  is  tied  very  securely  to  the  alumina  or  platinum  seed  rod  with  some  fine  plaiinum 
wire  (Figure  9)  and  attached  to  the  furnaces  lift  and  rotation  stepper  motors  The  seed  crystal  is  then 
lowered  until  the  seed  just  breaks  the  surface  of  the  solution,  where  a  small  amount  will  dissolve  .A 
constant  temperamre  is  maintained  for  approximately  12  hours  allowing  thermal  equilibrium  to  be 
established  Cooling  of  the  solution  then  commences  at  very  low  rates  (typically  01  -  (to?  Ohn  The 
seed  IS  usually  rotated  very  slowly  to  keep  the  layer  around  the  seed  homogenous  which  facilitates  a 
uniform  growth  rate  The  size  of  the  crystal  is  monitored  by  observing  through  the  top  of  the  furnace 
with  a  light  source  directed  at  the  seed.  To  increa.se  its  thickness,  the  crystal  may  be  lifted  at 
approximately  0  1  mm/hr  while  the  crystal  is  allowed  grow  to  the  required  dimension  Once  the  crystal 
has  reached  its  required  size  or  has  been  restricted  by  the  cooling  or  crucible  size,  it  ts  raised  just  above 
the  melt  The  cry  stal  is  then  cooled  slowly  to  minimise  any  thermal  strain 


grooves  filed  in  cry  stal 
Plahnum  Wire  \ 


Figure  9.  Seed  crystal  attached  to  seed  rod. 

3.3.  Crystal  growth  of  Beta-Barium  Borate. 

The  crystal  growth  process  is  illustrated  by  the  flux  growth  of  beta  Banum  borate  (C-BB(7)  Banum 
borate  has  a  high  temperature  phase  (at  with  a  melting  point  of  around  I()9,S±.f  C  |.‘'|  This  phase 
transforms  to  the  beta  phase  with  a  reported  transition  temperature  between  890  and  92,“'  C  1?|  I’hus  in 
general  B-BBO  cannot  be  grown  directly  from  a  stoichiometric  meli  and  a  fiux  must  be  added  to  reduce 
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the  liquidus  by  around  20()°C.  Recently  the  Czochralski  growth  of  6-BBO  from  congruent  melts  (61  has 
been  reported.  Very  large  thermal  gradients  had  to  be  applied  with  this  method  to  produce  large 
undercoolings  to  get  the  crystallisation  temperature  below  the  a  -  6  transition  temperature.  Undercooling, 
or  supercooling,  occurs  when  a  liquid  is  cooled  below  its  freezing  point.  Very  careful  materials 
preparation  and  melt  conditioning  were  required  to  allow  the  6  phase  to  grow  and  prevent  the  transition 
to  the  a  pha.se.  This  process  may  occur  for  BBO  if  ihe  a  -  B  transition  is  sluggish  which  hxs  been 
reported  [5|.  Small  fibres  of  BBO  have  also  been  grown  with  the  Laser  Heated  Pedestal  Growth 
technique  |7).  Here  a  solvent  was  required  to  reduce  the  melting  point  below  the  transition  temperature. 

With  the  flux  growth  method,  excess  BsOj  reduces  the  melting  point,  but  such  melts  are  viscous  and 
crystal  growth  is  difficult  to  obtain.  Sodium  Oxide  (NasO)  reduces  the  melting  point  as  seen  from  the 
phase  diagram  of  BBO  -  .VaiBaBsOs  (NBBO)  in  Figure  .s.  Crystals  of  S-BBO  can  be  grown  from  a 
composition  of  at  least  24  mole  %  N’BBO.  However  the  range  of  composition  over  which  crystals  will 
grow  IS  quite  small,  and  only  a  small  volume  of  crystal  would  result  from  a  given  melt  volume.  A  study 
of  the  more  complete  system  may  indicate  a  composition  that  would  allow  a  larger  volume  of  the  melt  to 
crystallise  as  6-BBO  The  pha.se  diagram  (Figure  5)  of  BBO  -  NBBO  is  only  a  partial  diagram  of  a  three 
component  system  as  shown  m  Figure  10  where  BaO.  .Na20  and  B2O3  are  the  three  components  of  the 
phase  diagram. 

NasO 


Figure  10.  Full  Phase  diagram  of  BaO,  Na20  and  B2O3. 

The  temperatures  indicated  are  the  melting  points  of  the  materials  at  that  point  of  the  phase  diagram. 
Also  shown  are  the  eutectic  temperatutes  between  BBO  and  other  compounds  in  the  phase  diagram. 

The  region  of  interest  for  flux  growth  of  BBO  is  indicated  by  the  triangle  shown  as  (1)  in  Figure  10.  As 
the  a  -  P  transition  temperamre  is  around  925  °C.  the  lower  the  final  crystallisation  temperature  (eutectic 
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temperature)  and  the  larger  the  composition  difference  between  the  start  and  finish  of  growth,  then  the 
larger  a  fracnon  of  the  melt  volume  should  crystallise.  Region  ( 1 )  encompasses  the  part  of  the  phase 
diagram  where  BBO  is  most  likely  to  grow  from  a  flux  w'ith  the  lowest  final  temperature,  thus  giving  a 
huge  growth  range.  Region  (2)  is  also  worth  considering;  however  the  higher  melting  point  of 
.'BaOBsOr  and  the  high  eutectic  temperature  (915'’C)  eliminates  this  region  for  flux  growth  of  BBO 
Region  (3)  also  has  a  high  eutectic  temperature  (-900°C)  and  additionally  melts  nch  in  borate  are 
generallv  very  viscou.s,  making  this  region  difficult  and  slow  for  crystal  growth.  Generally  3  -  BBO  has 
been  grown  from  a  mixture  of  BBO  and  NBBO  15,1 1,12.1 3|  along  the  phase  line  indicated  and  shown  in 
the  phase  diagram  (Figure  5).  There  has  also  been  a  report  on  growth  from  NaCl  solutions  1 141 

The  phase  diagram  of  region  ( I ).  BBO  -  NBBO  -  Na2B204  (NBO).  has  not  been  previously  determined 
and  was  intensively  studied  by  us.  The  pha.se  diagram  in  Figure  1 1  is  what  is  theoretically  expected  if  no 
new  phases  form  between  the  compounds.  The  dotted  lines  indicate  possible  eutectic  iso-therms.  If  these 
should  occur  then  there  would  exist  a  large  growth  range  between  the  a  -  3  transition  and  the  central 
eutectic  point,  which  should  lead  to  the  growth  of  the  largest  crystals  from  a  given  melt  volume. 

NBBO 


Figure  11.  Theoretical  Phase  diagram  of  BBO  -  NBBO  •  NBO. 

Using  DTA  and  x-ray  analysis  of  small  melts,  typically  1  -2  gm.  the  phase  boundaries  and  temperatures 
were  determined  and  the  results  are  shown  in  schemanc  form  in  Figure  12.  The  x-ray  analysis  indicates 
the  crystal  phases  that  result  when  a  particular  composition  is  melted  and  slowly  cooled  while  DTA  only 
indicates  phase  temperatures.  Identification  of  the  crystal  phases  Is  required  to  determine  the 
composition  range  of  a  compound  in  the  phase  diagram.  Figure  12  indicates  an  unknown  high 
temperature  phase  which  forms  above  900  °C.  Also  shown  is  the  approximate  a  -  3  transition  isotherm. 
Appendix  1(a)  gives  a  summary  of  the  lattice  parameters  of  NBBO.  which  have  not  been  reported,  and  a 
determination  of  the  lattice  parameters  found  for  the  unknown  material.  NBBO  is  needed  to  be 
characterised  as  it  is  used  as  one  of  the  starting  materials  and  a  major  component  of  the  flux.  The 
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presence  of  the  unknown  maienal  has  the  effect  of  moving  the  eutectic  towards  the  BBO  compound  on 
the  ternary  diagram.  This  reduces  the  composition  growth  range  and  there  is  little  advantage  to  be  gained 
from  growing  ji  -  BBO  within  the  ternary  diagram. 
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Figure  12.  Schematic  Phase  diagram  of  BBO  -  NBBO  -  NBO. 


4.  SUMMARY. 

The  flux  growth  of  cty  stals  is  an  important  technique  for  obtaining  single  crystal  samples  of  many  optical 
matenals  The  technique  in  itself  is  quite  straight  forward,  however  there  are  many  subtleties  that  must 
be  understood  before  high  quality  crystals  can  be  grown.  These  subtleties  vary  for  different  matenals  and 
include  flux  selection,  cooling  rate  .  rotation  rate  and  lift  rate.  The  over-nding  problem  is  flux  selection, 
which  is  crucial  for  good  quality  crystal  growth  This  problem  is  generally  solved  by  snidying  the  phase 
diagram  of  the  tlux  and  crystal  combinatioa.  and  involves  considerable  trials  and  expenmentation  to 
opamise. 


The  example  used  to  illustrate  the  technique,  the  growth  of  |}-BBO  from  sodium  borate  fluxes,  shows  the 
importance  of  the  phase  diagram  in  top  seeded  solution  growth.  Sodium  oxide  is  known  to  be  a  suitable 
flux  with  a  range  of  liquidus  temperatures  less  than  the  925°C  traosinon  between  high  temperamre  la) 
and  low  temperature  1^)  pha.se$  of  BaB204.  In  an  anempt  to  extend  the  range  of  growth,  this  study  was 
aimed  at  finding  other  lower  temperature  eutectic  temperatures  within  the  BaO.  Na20,  B2O3  system.  It 
was  evident  from  the  known  phase  relationships  that  the  subsystem  BBO,  NBBO,  NBO  provided  the  best 
potenoal. 


A  smdy  of  this  system  was  attempted  using  a  combinatioa  of  differential  thermal  analysis,  x-ray 
diffraction  and  visual  observation  of  test  matenals  in  small  crucibles  with  controlled  temperature 
changes.  A  high  temperature  phase  appeared  to  be  present  as  indicated  by  the  phase  products  and 


I 


12 


t  NCLASSinED 


9 


LNCLASSinED 


SRL-i)l  16-R\ 


transition  temperatures  found  during  the  phase  diagram  study  This  coincided  with  the  observation  of  an 
unknown  phase  identified  dunng  XRD  analysis.  An  attempt  to  determine  lattice  parameters  of  this 
mjienaJ  was  unsuccessful  because  of  its  extreme  hygroscopic  nature  causing  the  formation  of  multiple 
hydrated  phases.  The  occurrence  of  this  unknown  pha.se  severely  restnctes  the  growth  range  that  can  be 
obtained  because  of  the  shifting  of  the  eutectic  isotherm  towards  the  a-13  transition  temperatuie 
Consequently  this  reduces  the  composition  difference  between  the  phase  transition  and  the  eutectic 
composition.  There  is  therefore  very  little  advantage  in  using  a  flux  from  within  this  subsystem  Most  of 
these  studies  were  performed  with  matenals  having  W  or  99  QQT  punty  Impunties  such  as  Ca 
within  BaCO;.  may  possibly  have  been  responsible  for  the  new  phase  occurring,  but  this  seems  unlikely 
given  the  low  concentranon  of  impunties. 

The  crystal  structure  of  .SasO  BaB204  iNBBOl  was  examined  by  x-ray  diffraction  Mixtures  of  NBBO 
with  substances  of  known  lattice  parameters  were  used  for  companson  and  to  calibrate  the  x-ray  data 
The  results  obtained  for  the  two  theta  values  (Appendix  Kali  are  generally  compatible  with  those  m  the 
literature  The  crystal  structure  was  found  to  be  monoclinic  as  obtained  from  powder  x-ray  analysis 
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APPENDLX  1(a) 

LATTICE  PARAMETERS  OF  NBBO  AND  UNKNOWN  MATERIAL. 

(a)  Lattice  Parameters  of  NBBO 

NBBO  IS  a  major  component  of  the  BBO  -  NBBO  -  NBO  svAtem  and  while  a  fable  of  20  iBrapg  angle) 
Vs  line  intensify  has  been  reported*^,  the  lattice  parameters  or  crystal  structure  are  unlvnown  A  detailed 
knowledge  of  the  lattice  parameters  (that  is  unit  cell  dimensions  which  define  the  crystal  structure)  is 
required  for  x-ray  analysis  and  a  more  complete  study  of  NBBO  was  undertaken  A  large  NBBO  sample 
was  prepared  using  BaCOj  ,  BsOj  and  NasCOj.  After  thoroughly  mixing  the  chemicals  the  sample  was 
placed  in  a  platinum  crucible  and  heated  in  a  muffle  furnace  to  700  'C  This  is  55 T  below  the  eutectic 
temperature  between  BBO  and  NBBO.  The  furnace  was  maintained  at  this  temperaoire  for  60  hours, 
then  cooled  to  460  ’C  in  5  hours,  and  finally  cooled  rapidly  to  room  temperature.  X-ray  diffraction 
showed  that  the  sample  was  single  phase  with  no  evidence  of  the  individual  starting  chemicals  It  was 
found  that  NBBO  is  hygroscopic  and  would  hydrate  overnight  if  care  was  not  taken  to  ensure  that  the 
prepared  NBBO  was  kept  in  a  dry  environment. 

Powder  x-ray  data  were  acquired  on  a  standard  x-ray  difractometer  with  the  data  electronically  stored 
for  latter  analysis,  Lorentzian  line  shape  profiles  were  fitted  to  the  data  to  determine  the  line  position  1 20 
or  d  spacing!,  intensity  and  line  broadening,  where  0  is  the  Bragg  angle  and  d  the  interatomic  spacing 
The  determined  lattice  spacings  and  the  probable  Miller  indices,  denoted  by  h.  k  and  I  are  listed  in 
fable  Itai  2  along  with  the  published  results 

f  sing  the  I-  nit  Cell  Refinement  program  of  Visser  i9|.  which  determines  the  lanice  parameters  from  x- 
ray  powder  panems  and  assigns  Miller  indices,  the  measured  d  -  spacings  give  consistent  results  for  a 
monoclinic  structure.  This  result  is  obtained  with  no  assumptions  about  the  crystal  symmetry.  Using  the 
-.ame  condiDons  and  the  repotted  d  -  spacings  18|  the  results  listed  in  Table  1(a).  1  are  obtained.  These 
data  have  also  been  refined  using  least  squares  analysis  1 10). 


Tabic  l(a).l.  CakuUted  Lattice  Parameters  of  >82886205. 


Lattice  Parameters 

a  (A) 

b  (A) 

c  (A) 

a  t=) 

— 

13  C) 

7  (^) 

Present  data 

9  576 

5  570 

6.190 

90 

98.88 

90 

GSSSSSBI^HIiH 

9573 

5565 

6.185 

90 

98.92 

90 

(b)  Lattice  Parameters  of  UnknowD  Material 

As  indicated  on  the  phase  diagram.  Figure  10.  an  unknown  high  temperature  phase  was  found.  Crystals 
of  this  matenal  could  be  grown  from  the  melt  in  the  region  indicated  within  the  dashed  lines.  The  exact 
composition  range  and  temperatures  were  not  determined.  The  material  was  extremely  hygroscopic 
Although  this  made  analysis  difficult,  some  x-ray  data  were  obtained  on  freshly  prepared  samples.  A 
table  of  2©s  is  shown  in  Table  I(a),4  for  one  of  the  samples  measured.  Attempts  to  analyse  these  data 
with  the  Unit  Cell  Refinement  program|91  were  somewhat  inconclusive  and  lattice  parameters  could 
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Table  l(a).2.  Measured  x-ray  data  of  Na->BaB-iO^. 


;(-) 

171,, 

d  -  spacing 
present  data  (A) 

d  -  ^paclng 
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not  he  determined  uniquelv  A  probable  rea.son  tor  this  is  the  extreme  hvyrossopic  nature  •>[  the  matenal 
l  or  instance  samples  left  osemight  would  liquefv  causing  confusion  in  interpretation  oi  the  s  ras  data 
vine  to  the  appearance  of  a  second  phase  associated  with  the  hsdration  lloweser  a  most  probable 
structure  was  indicated.  L  sing  the  lattice  parameters  determined  in  this  way.  data  trom  lour  samples  was 
least  squares  fitted  Of  the  44  lines  obtained  in  the  investigation,  only  three  weak  lines  were  not  mdesed 
in  the  most  probable  structure.  The  results  of  this  analysis  are  shown  in  Table  bo  '  and  ease  i.iirK 
consistent  results  for  a  monoclinic  structure. 


Table  ItaiJ.  Calculated  Lattice  Parameters  or  L  nknown  Material. 
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Table  I(a).4.  Measured  v-ray  data  of  Lnknown  Material. 
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APPENDIX  Kb). 

PROBLEMS  IDENTIFIED. 

[’rohlems  \Mih  the  ditferentitil  thermal  analysis  equipment  i^ere  identified  as  follows  and  these  should  he 
addressed  to  improve  the  equipment. 

(a)  The  differential  thermal  analysis  equipment  was  designed  and  built  in-house.  and  in 
pamcular  made  use  of  the  Optoelectronics  Division  unique  temperature  control  softuare 
developed  for  the  Czochralski  furnaces.  On  use  it  was  discovered  that  to  be  effective  the 
thermocouple  wires  iPt/PtRh)  needed  to  be  thinner  than  those  used.  The  wires  used  were 
I)  5  mm  diameter,  whereas  0.2  mm  or  less  would  be  preferable.  The  thicker  wire  made  the 
system  less  sensitive  due  to  its  higher  thermal  capacity  and  thermal  conductance 

(hi  Liquidus  temperatures  were  difficult  to  determine  with  the  existing  equipment  The  small 
sample  crucibles  were  made  of  folded  thin  Pt  toil  When  the  sample  (which  had  been  reduced  in 
volume  by  pnor  melting  and  quenching)  reached  its  solidus-liquidus  temperamre.  some  of  the 
liquid  separated  from  the  solid  due  to  its  tendency  to  wet  Pt.  Thus  the  sample  effectively 
changed  composition  dunng  the  mea.surement.  .An  improved  crucible  design  is  needed,  either  to 
prevent  the  wetting  effect  or  to  enclose  the  sample  totally. 
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